Two sucrose phosphorylases were employed for glycosylation of carboxylic acid compounds. Streptococcus mutans sucrose phosphorylase showed remarkable transglycosylating activity, especially under acidic conditions. Leuconostoc mesenteroides sucrose phosphorylase exhibited very weak transglycosylating activity. Three main products were detected from the reaction mixture using benzoic acid and sucrose as an acceptor and a donor molecule, respectively. These compounds were identified as 1-O-benzoyl α-D-glucopyranoside, 2-O-benzoyl α-D-glucopyranose, and 2-O-benzoyl β-D-glucopyranose by 1D-and 2D-NMR analyses of the isolated products and their acetylated products. Time-course analyses proved that 1-O-benzoyl α-D-glucopyranoside was initially produced by the transglycosylation reaction of the enzyme. 2-O-Benzoyl α-Dglucopyranose and 2-O-benzoyl β-D-glucopyranose were produced from 1-O-benzoyl α-D-glucopyranoside by intramolecular acyl migration reaction. S. mutans sucrose phosphorylase showed broad acceptor-specificity. This sucrose phosphorylase catalyzed transglycosylation to various carboxylic compounds such as short-chain fatty acids, hydroxy acids, dicarboxylic acids, and phenolic carboxylic acids. 1-O-Acetyl α-D-glucopyranoside was also enzymatically synthesized by transglucosylation reaction of the enzyme. The sensory test of acetic acid and the glucosides revealed that the sour taste of acetic acid glucosides was significantly lower than that of acetic acid.
Introduction
Sucrose phosphorylase (EC 2.4.1.7), which belongs to glycoside hydrolase family GH13, catalyzes the phosphorolysis of sucrose and produces glucose-1-phosphate and fructose (Doudoroff 1943) . The enzyme is practically used for the enzymatic assay of inorganic phosphate. It is well-known that the enzyme also catalyzes transglucosylation reaction to many compounds, which have hydroxyl groups, such as saccharides, alcohols and phenolic compounds using sucrose as a donor molecule. Using the transglycosylation reaction, several α-glucosides were synthesized in one step from sucrose and various acceptor molecules (Mieyal et al. 1972; Kitao et al. 1994; Kitaoka et al. 1994) . However, there has been no report on transglucosylation reaction to carboxylic groups by sucrose phosphorylase.
A glycoside is a carbohydrate that results when its hemiacetal hydroxyl reacts with some group on a noncarbohydrate moiety, such as a hydroxyl group. Glycosylation is an important method for the structural modification of bioactive compounds. It can be used to improve physicochemical and biological properties of many compounds, and we expect that it makes the compounds more useful for industrial applications. We pro-duced several glycosides of bioactive compounds, such as hesperidin , hydroquinone ) and α-arbutin (Sugimoto et al. 2005) , using carbohydrate-active enzymes. We also synthesized arbutin-α-glycosides by the transglycosylation reaction of cyclodextrin glycosyltransferase using arbutin and starch as acceptor and donor molecules, respectively, and compared the inhibitory effect of arbutin-α-glycosides and arbutin on human tyrosinase, which plays a key role in melanin synthesis (Sugimoto et al. 2003) . Glycosylation of arbutin significantly improved its inhibitory effect on human tyrosinase. IC 50 value of arbutin-α-glucoside was more than five-times lower than that of arbutin. Glycosylation using transglucosylation reactions of carbohydrate-active enzymes has been studied so far by many researchers (Funayama et al. 1995; Takenaka & Uchiyama 2000; Nakano et al. 2003) . Those studies reported only the transglucosylation reactions to hydroxyl groups. No one has reported transglucosylation reactions of carbohydrate-active enzymes to carboxylic groups.
In this paper, we highlight the novel transglycosylation reaction of sucrose phosphorylase to carboxylic groups and the obtained products. An application study of glucosylated products, acetic acid glucosides, is also 1.0 7.1 0.5 a A substrate mixture (1 mL) containing 0.8% benzoic acid and 30% sucrose in distilled water was used and its pH was adjusted to several pHs with NaOH, and sucrose phosphorylase from S. mutans or L. mesenteroides (100 U) was added to the substrate mixture. The reaction mixture was incubated at 40 • C for 16 h and then analyzed by HPLC with UV detection at 280 nm. The transfer ratio was expressed as the percentage of the peak area of the transfer product against the total peak area of the transfer product and benzoic acid.
described, with special focus on the reduction of the acidic flavor by glucosylation.
Glycosylation of benzoic acid by sucrose phosphorylase
We screened several carbohydrate-active enzymes for their ability to glycosylate carboxylic acid compounds, and found that sucrose phosphorylases catalyze the transglycosylation reaction to carboxylic groups. Benzoic acid was used as a model of carboxylic compounds to examine this reaction in detail (Sugimoto et al. 2007 ), because it is easily detected with its UV absorbing property. Because a preliminary test showed that sucrose phosphorylase catalyzes the glycosylation of benzoic acid, we examined the glycosylation reaction of two well-known sucrose phosphorylases, from Streptococcus mutans and Leuconostoc mesenteroides, at several pHs. We found that both of these enzymes catalyze the transglycosylation reaction to benzoic acid, particularly under acidic conditions (Table 1) . It is known so far that UDP-glucuronosyltransferase catalyzes the transfer of d-glucuronic acid to carboxylic acid using UDP-glucuronic acid as a donor molecule (Clarke & Burchell 1994) . Our results are the first to show that other carbohydrate-active enzymes catalyze the transglycosylation reaction on carboxylic groups without nucleotide activated sugars. The transglycosylation reaction of L. mesenteroides sucrose phosphorylase on benzoic acid was previously examined by another group (Kitao et al. 1994 ). However, they reported that the enzyme did not catalyze the reaction. We clearly found that the enzyme catalyzes the transglycosylation reaction because we examined at a pH below 7.5, which they did not attempt. The optimum pH and the pHactivity profile of the transglycosylation activity of sucrose phosphorylase from S. mutans toward benzoic acid (Table 1) were different from those of the phosphorolytic activity (Fujii et al. 2006 ). The pKa of benzoic acid is known to be 4.2, and the concentration of the undissociated OH form of benzoic acid around neutral pH is very low. These results support the hypothesis that the undissociated OH form of benzoic acid can be used as an effective acceptor molecule by the enzymes. This is quite reasonable from the view point of the proposed catalytic mechanism of phosphorolysis by sucrose phosphorylase from Bifidobacterium adolescentis that protonated phosphate group is necessary for binding to the catalytic domain of the enzyme (Mirza et al. 2006) . The transfer efficiency of the transglycosylation reaction of sucrose phosphorylase from L. mesenteroides was much lower than that of sucrose phosphorylase from S. mutans at pH 3.9. The difference between these two enzymes with regard to activity and stability under acidic conditions (Kitaoka et al. 1994; Fujii et al. 2006 ) might be the major causes of their different transfer efficiencies. These results suggest that S. mutans sucrose phosphorylase is more appropriate to the transglycosylation reaction on carboxylic compounds than L. mesenteroides sucrose phosphorylase. Therefore, we used S. mutans sucrose phosphorylase in further studies. We examined the transglycosylation reaction to benzoic acid by the enzyme and the formation of the products in the reaction mixture in detail. The reaction mixture containing sucrose and benzoic acid used as donor and acceptor molecules, respectively, was incubated with the enzyme for 48 hours. The pH of the solution was adjusted between 4.6-4.8 with 5 N HCl during the reaction. HPLC analysis of the reaction mixture revealed that three compounds, 1, 2 and 3 ( Fig. 1) , were produced. Figure 2 shows the time-course analysis of the production of those compounds. In the initial part of the reaction, benzoic acid was decreased, and compound 1 was initially produced and increased during the first 10 hours. However, another two compounds, 2 and 3, appeared and gradually increased as the reaction continued. At the end of the reaction, the relative amount of compounds 1, 2 and 3 were approximately 25 %, 25 % and 20 %, respectively, and the total amount of the glucosylated products reached close to 70 %. During the reaction, the pH of the reaction mixture was adjusted between 4.6 and 4.8 with hydrochloric acid, because a change in the pH of the reaction mixture to a higher pH was observed with the decrease of the unreacted benzoic acid. When the reaction was performed without the pH control, production of several products different from the three above-mentioned ones was observed.
To determine the structure of these three compounds, we purified and isolated them. In the process of the purification, the rapid interconversion between compounds 2 and 3 was observed. Therefore, we also obtained their acetylated products and determined their structures. As the results of the spectroscopic analyses of the purified products, structures of these three compounds identified as follows. Compound 1, which is the initial product of the enzyme reaction was identified as 1-O-benzoyl α-d-glucopyranoside. And compounds 2 and 3 were identified as 2-O-benzoyl α-d-glucopyranose and 2-O-benzoyl β-d-glucopyranose, respectively. From the result of the production pattern of these compounds during the reaction, we predicted that 1-O-benzoyl α-dglucopyranoside was produced initially by the enzyme reaction, and thereafter the other two compounds were produced by the non-enzymatic structural change of 1-O-benzoyl α-d-glucopyranoside.
Therefore, we examined the products produced from purified 1-O-benzoyl α-d-glucopyranoside in an aqueous solution over time. In an aqueous solution, the amount of 1-O-benzoyl α-d-glucopyranoside decreased with time, and 2-O-benzoyl α-d-glucopyranose and 2-O-benzoyl β-d-glucopyranose were produced spontaneously. With prolonged incubation, 1-O-benzoyl αd-glucopyranoside disappeared, and another six compounds appeared sequentially. It is well-known that 1-O-acyl β-d-glucopyranuronates are produced as a major product in vivo metabolite for many carboxylate drugs and that those compounds were converted to isomeric glucuronides by intramolecular acyl migration in aqueous solution under physiological conditions (Fenselau 1994; Spahn-Langguth & Benet 1992) . We summarize the production of benzoyl glycoside and glucoses in the reaction mixture with sucrose, benzoic acid and the enzyme in Figure 3 . The initial product, 1-O-benzoyl α-d-glucopyranoside was synthesized by transglycosylation reaction of sucrose phosphorylase, and it was converted to 2-O-benzoyl α-d-glucopyranose by an intramolecular acyl migration reaction, probably via the ortho-acid ester intermediate, and that 2-Obenzoyl β-d-glucopyranose was produced by mutarotation from its α-anomer. Furthermore, another isomeric benzoyl glucoses were observed in the reaction mixture, at higher pHs were also produced in the same manner. We detected a small amount of benzoic acid especially in aqueous solutions at higher pH. We considered that the hydrolysis of the benzoyl glucoses also occurred in the aqueous solution.
The acceptor specificity of the enzyme was examined by the HPLC analyses of the reaction products. The enzyme was incubated with sucrose and several carboxylic compounds as donor and acceptor molecules, respectively. The enzyme catalyzed the transfer of the glucosyl moiety of sucrose not only to benzoic acid, but also to short-chain fatty acids, dicarboxylic acids, hydroxy acids and aromatic carboxylic acids. Particularly, when acetic acid, propionic acid, butyric acid, valeric acid, malonic acid, fumaric acid, lactic acid and benzoic acid were used as acceptor molecules, the conversion ratio for each glucosylated product was more than 50%. These results show this enzyme has a wide acceptor specificity. We expect that the S. mutans sucrose phosphorylase could be a very useful enzyme for forming many carboxylic glucoside and glucoses compounds occurring in nature.
Glycosylation of acetic acid by sucrose phosphorylase
Acetic acid is the main component of vinegar. It is known that acetic acid has several physiological activities including an enhancing effect on calcium absorption (Kishi et al. 1999) , and on the prevention of hypertension (Kondo et al. 2001 ). However, it has a strong acidic taste and smell, so it is difficult to drink. We expected the improvement of the taste and smell of acetic acid by glycosylation. Therefore, the glycosylation of acetic Fig. 3 . The proposed scheme of the production of benzoic acid glucoside and its isomers in the reaction mixture of sucrose phosphorylase with sucrose and benzoic acid. acid and the properties of the glycoside were examined (Nomura et al. 2008 ). Sucrose phosphorylase from S. mutans was incubated with sucrose and acetic acid as donor and acceptor molecules, respectively. New peaks and spots other than acetic acid were detected by HPLC and TLC analyses, respectively. The effect of pH and the concentrations of sucrose and acetic acid on the transglycosylation reaction of the enzyme were examined in detail. When the reaction was performed with 40% sucrose and 0.4 M acetic acid at pH 5.0 at 37 • C, more than 80% of acetic acid supplied to the reaction was glucosylated and the yield of the glucose transfer products was maximized. We isolated the initial product and determined the structure of the purified product by spectroscopic analyses. We concluded the structure of the initial product of the reaction is 1-O-acetyl α-d-glucopyranoside (Fig. 4) .
The sensory test of the solutions of acetic acid and acetyl glucoside and glucoses were carried out. Aqueous solutions of several concentrations were prepared, and the intensity of their acidic taste was estimated by panels of professional tasters. As shown in Table 2 , the acidic taste of acetic acid was markedly reduced by glycosylation, and the threshold value of the acidic taste of the acetyl glucoside and glucoses was approximately one hundred times greater than that of acetic acid. The acetyl glucoside and glucoses do not have an acidic taste and smell, but it has a slightly sweet and bitter taste. We expect that new drinks will be used easily and provide enough acetic acid in the future without the sharp taste of acetic acid.
Conclusion
We have found that sucrose phosphorylases catalyze transglycosylation reaction on carboxylic compounds, and various α-glucosides can be synthesized from sucrose and carboxylic compounds. Enzymatic synthesis of mono-acyl glucoses using the transglycosylation reaction of the enzymes is more convenient method than chemical synthesis because we can synthesize them without using protection groups. S. mutans sucrose phosphorylase catalyzes the transglycosylation reaction with high transfer efficiency and wide acceptor specificity. These abilities of the enzyme make it possible to synthesize glycosides of various carboxylic compounds in high yield. We expect that the development of the functional glycosides will make further progress in the near future by using this enzyme-catalyzed reaction.
